Although the Elbs peroxydisulfate oxidation of phenols in alkaline solution, leading to the prevalent formation of p-hydroxyaryl sulfates, had been known since 1893, it was not until six decades later that Boyland and Sims reported the extension of this reaction to arylamines. 1À9 It was found that aminoaryl sulfates were the major soluble products of the oxidation of arylamines with S 2 O 8 2À , but, unexpectedly, it was revealed that the substitution took place exclusively or predominantly at ortho position to the amino group. Primary, secondary, and tertiary arylamines (1, Scheme 1) are all converted to the corresponding o-aminoaryl sulfates (2, Scheme 1) under conditions similar to those used for the Elbs oxidation: room temperature or below, aqueous alkali, and equimolar quantities of arylamine and S 2 O 8 2À . Subsequent hydrolysis with hot concentrated hydrochloric acid yields o-aminophenols (3, Scheme 1).
' INTRODUCTION
Although the Elbs peroxydisulfate oxidation of phenols in alkaline solution, leading to the prevalent formation of p-hydroxyaryl sulfates, had been known since 1893, it was not until six decades later that Boyland and Sims reported the extension of this reaction to arylamines. 1À9 It was found that aminoaryl sulfates were the major soluble products of the oxidation of arylamines with S 2 O 8 2À , but, unexpectedly, it was revealed that the substitution took place exclusively or predominantly at ortho position to the amino group. Primary, secondary, and tertiary arylamines (1, Scheme 1) are all converted to the corresponding o-aminoaryl sulfates (2, Scheme 1) under conditions similar to those used for the Elbs oxidation: room temperature or below, aqueous alkali, and equimolar quantities of arylamine and S 2 O 8 2À . Subsequent hydrolysis with hot concentrated hydrochloric acid yields o-aminophenols (3, Scheme 1).
The rate law is ν = k[S 2 O 8 2À ]
[arylamine]. The involvement of primary/secondary arylamine neutral radicals and tertiary arylamine cation radicals, as a highly reactive intermediate product of single-electron oxidation of arylamines in alkaline solution, in the formation of o-aminoaryl sulfates was excluded because radical traps have no effect on either the rate or extent of o-aminoaryl sulfate formation. 6a Arylnitrenium cations, as highly reactive intermediate products of two-electron oxidation of primary and secondary arylamines in a broad pH range, have not been considered during the decades as an alternative reactive species involved in the formation of o-aminoaryl sulfates simply because the arylnitrenium cation chemistry has become well understood only more than 40 years after the BoylandÀSims oxidation discovery. 10 It was only noted by Behrman that "a nitrene mechanism is not consistent with the fact that tertiary anilines behave similarly to primary anilines". 8 Since electron-releasing substituents at an aromatic ring accelerate the oxidation of arylamines with S 2 O 8 2À , the nucleophilic displacement by the unprotonated amine nitrogen on peroxide oxygen of peroxydisulfate was proposed by Behrman as a rate-determining step. 6a In this case, the exclusive ortho orientation of the entering sulfate group could, according to Behrman, arise from attack of S 2 O 8 2À at the ortho carbon atom assisted by interaction with the amino group, nitrogen atom followed by rearrangement, or ipso carbon atom followed by rearrangement. Much conflicting kinetic and mechanistic evidence was collected. 6, 7 After decades of controversy, 6,7 arylhydroxylamine-O-sulfonates were proposed by Behrman as the most probable intermediates, at least in the case of tertiary anilines, 8 as a result of a nucleophilic displacement by the arylamine nitrogen on peroxide oxygen of peroxydisulfate. This was based on the experimental finding that arylhydroxylamine-O-sulfonate, formed by the reaction between N,N-dimethylaniline N-oxide and the sulfur trioxideÀpyridine complex in dry pyridine, is stable enough to be isolated under anhydrous conditions at room temperature but rapidly rearranges upon the addition of water to a mixture of N,N-dimethylaniline o-and p-sulfates in the same ratio as is given by the peroxydisulfate oxidation of N,N-dimethylaniline in alkaline aqueous solution. 8 However, the unambiguous evidence of Behrman's mechanism, which should be the isolation and identification of arylhydroxylamine-O-sulfonate intermediates upon the reaction of arylamines with peroxydisulfate under anhydrous conditions, is still missing.
We propose a key role of arylnitrenium cations in the formation of o-aminoaryl sulfates as prevalent soluble products and oligoarylamines as prevalent insoluble products in the BoylandÀSims oxidation of primary and secondary arylamines, based on the recent quantum chemical findings that arylnitrenium cations are formed in the initiation phase of the oxidation of primary arylamines with S 2 O 8 2À in an aqueous solution, whenever the formation of p-/o-iminoquinonoid product is not possible. 11À15 We also propose a key role of arylamine dications and immonium cations in the mechanism of BoylandÀSims oxidation of tertiary arylamines. In the present contribution, the BoylandÀSims oxidation of aniline, 12 ring-substituted anilines (2-methylaniline, 3-methylaniline, 4-methylaniline, 2,6-dimethylaniline, anthranilic acid, 4-aminobenzoic acid, sulfanilic acid, sulfanilamide, 4-phenylaniline, 4-bromoaniline, 3-chloroaniline, and 2-nitroaniline), and three N-substituted anilines (N-methylaniline, diphenylamine, and N,N-dimethylaniline) was studied by AM1 and RM1 computational methods. The thermodynamic stabilities of aniline and 15 ring-and N-substituted anilines, and their reactive species (cation radicals, neutral radicals, nitrenium cations, and dications) in water, were computationally determined. The heats of 31 single-electron and 16 two-electron redox reactions of aniline/substituted anilines with S 2 O 8 2À in aqueous solution (neutral and alkaline conditions), leading to the formation of arylamine cation radicals/neutral radicals and arylnitrenium cations/arylamine dications, were calculated. Exactly 75 reactions of arylnitrenium cations with SO 4 2À , S 2 O 8 2À , parent arylamines, hydroxide anion (OH À ), and water were computationally studied. The reactions of N,N-dimethylaniline dication and immonium cation with SO 4 2À were also theoretically studied. The thermodynamic stabilities of 280 intermediates were investigated. Semiempirical quantum chemical AM1 and RM1 results/ predictions were correlated with corresponding experimental kinetic and synthetic data for BoylandÀSims oxidation of aniline, ring-substituted anilines, and N-substituted anilines, collected during the past six decades.
' COMPUTATIONAL METHODS
A semiempirical AM1 method 16 (included in the molecular orbital program 17 MOPAC 97, part of the Chem3D Pro 5.0 package, CambridgeSoft Corporation), and RM1 method 18 (improved/reparametrized version of AM1, included in MO-PAC 2009) have been used to obtain the heat of formation (ΔH f ) of individual species. AM1 method was proved to be accurate enough to have useful predictive power, and fast enough to allow the processing of large molecules such as aromatic amine oligomers and their intermediates. 15, 19 In a recent computational study focused on the torsion angle between rings, known to affect strongly the electronic and optical properties of conjugated polymers, D avila et al. suggested that the AM1 method is preferred over the PM3 for ring-structured oligomeric chains.
19
Exactly 280 intermediates, formed in reactions of nitrenium cations/dications/immonium cations of aniline and substituted primary, secondary, and tertiary anilines with SO 4 2À , S 2 O 8 2À , OH À , H 2 O, and aniline/substituted anilines in an alkaline aqueous solution, were computationally processed in the present study. Our previous computational study 11 has clearly shown the crucial influence of solvation on the acidÀbase and redox properties of aniline, its reactive species, and oligomers. Therefore, solvation effects were taken into account using the conductor-like screening model (COSMO) to approximate the effect of water surrounding the molecule. 20 Conformational analysis of all intermediates is done. The steric energy was minimized using the MM2 molecular mechanics force-field method. 21 Input files for the semiempirical quantum chemical computations of all intermediates were the most stable conformers of investigated molecular structures. The geometry optimization was performed by the EigenFollowing procedure. 22, 23 The restricted HartreeÀFock method has been used for the molecular structures, and the unrestricted HartreeÀFock method has been used for radical species. The Journal of Physical Chemistry A ARTICLE Caro's acid (peroxomonosulfuric acid), and percarboxylic acids (peracetic, trifluoroperacetic, perbenzoic, etc.). 24 Peroxydisulfate anion is one of the most powerful electron acceptors (þ2.0À2.1 V vs NHE). 25 Depending on the reductant nature, S 2 O 8
2À
behaves as the single-electron oxidant (
). Since arylamines were proved to be easily oxidized by the mild single-electron oxidants which cannot donate oxygen (Fe 3þ , þ0.77 V vs NHE), 25 leading thus to the 
It should be noted here that two decades ago, on the basis of Genies and Lapkowski's spectroelectrochemical evidence 26 of the initial formation of aniline nitrenium cations during the anodic oxidation of aniline, Wei et al. tentatively proposed the initial formation of aniline nitrenium cations in the oxidative polymerization of aniline with S 2 O 8 2À under acidic reactive conditions. 27 They proved the prevalent formation of 4-aminodiphenylamine in the dimerization phase and tentatively proposed its formation through electrophilic aromatic substitution reaction of aniline with C 6 H 5 NH þ .
27
Our computations have proved, 11 based on the modified Epiotis constraint |E HOMO 
represents an electron donor (reductant) and "A" stands for an electron acceptor (oxidant)], 28 that species formed by single-electron oxidation of aniline [C 6 H 5 NH 2
•þ / C 6 H 5 NH
• , pK a (C 6 H 5 NH 2 2À does not stop after singleelectron transfer (reactions 3 and 4) but proceeds further, i.e., leads to the nitrenium cation in the initiation phase (reactions 5 and 6). AcidÀbase properties of aniline nitrenium cation 10 indicate that it is a very weak acid in water, pK a > 12.4, in its deprotonation to corresponding nitrene (Scheme 2). It is also a weak base accepting a proton to form the aniline dication (Scheme 2), pK b > 13.0. It can be concluded that the generation of aniline nitrenium cation is the common feature of all known aniline oxidations with S 2 O 8 2À in the very broad pH range, in the In the present study we computed (AM1/COSMO, RM1/ COSMO) the heats of formation, ΔH f , of aniline and 14 ring-/Nsubstituted anilines in aqueous solution, as well as the heats of formation of their reactive species formed by single-electron oxidation (arylamine cation radicals and neutral radicals) and two-electron oxidation (arylamine nitrenium cations) ( À1 RM1/COSMO) in aqueous solution, we calculated the heats of single-electron and two-electron redox reactions of aniline and substituted primary and secondary anilines with peroxydisulfate in aqueous solution (neutral and alkaline conditions), ΔH r , leading to the formation of arylamine cation radicals/neutral radicals and nitrenium cations, respectively ( Table 2 , data for classic BoylandÀSims alkaline conditions). Thus we provide additional semiempirical quantum chemical evidence that two-electron oxidation in BoylandÀ Sims oxidation of primary and secondary arylamines, leading to arylnitrenium cations, is generally thermodynamically more favorable than single-electron oxidation (Table 2) . It is open to discussion whether the formation of arylnitrenium cations includes two sequential single-electron transfers and welldefined deprotonation steps (e.g., in alkaline solutions of aniline,
or arylnitrenium cations are formed through concerted twoelectron transfer accompanied by deprotonation. Radical trap experiments 6a indicate that the concerted mechanism is more probable.
It is well-known that arylamines, such as benzidine, 4-aminodiphenylamine, etc., are not susceptible to the BoylandÀSims oxidation, i.e., cannot be transformed to o-aminoaryl sulfates, but rather give iminoquinonoid compounds upon two-electron oxidation with S 2 O 8 2À (Scheme 3). 1À9 Classic Behrman's mechanism cannot explain this phenomenon, since the E i of benzidine (E i = 7.95 eV AM1/COSMO) and similar compounds is not significantly lower in comparison with other arylamines which are susceptible to the BoylandÀSims oxidation (e.g., 1-aminonaphthalene, E i = 8.18 eV AM1/COSMO). According to our mechanism, this is due to the fact that nitrenium cations of benzidine/4-aminodiphenylamine type of arylamines are not real molecular species but represent unfavorable canonical forms (minor contributors) of resonance hybrids of monoprotonated forms of corresponding iminoquinonoid compounds (Scheme 3). 11 All the observed substitutent effects 6a,c,7,31 are consistent with our mechanism which proposes the two-electron oxidation of arylamine as a rate-determining step. The fact that electronreleasing substituents at an aromatic ring accelerate the oxidation of arylamines with S 2 O 8 2À stems from the increased oxidizability, i.e., decreased ionization potentials, of ring-substituted arylamines which have electron-releasing substituents, in comparison with corresponding nonsubstituted arylamines. Also, it was observed that the rates of oxidation of 2-amino-5-methylpyridine, 2,4-dichloroaniline, and 2-methyl-3-nitroaniline are higher than those of 2-amino-6-methylpyridine, 2,3-dichloroaniline, and 2-methyl-4-nitroaniline, respectively.
6a On the basis of the values for the methyl, chloro, and nitro σ constants, Behrman has concluded that this kinetic finding excludes a nucleophilic displacement by the carbon (whether C2 or C4) of ring-/Nsubstituted aniline on the peroxide oxygen of S 2 O 8
2À
, and indicates a nucleophilic displacement by the unprotonated amine nitrogen on the peroxide oxygen of S 2 O 8
. 6a However, this conclusion is contradictory to Behrman's mechanism, because our AM1/COS-MO computations of the heats of formation of Behrman's proposed intermediates (Scheme 4) have shown that NÀO intermediates are much more unstable than all other C1ÀO (ipso-attack), C2(6)ÀO (ortho-attack), and C4ÀO (para-attack) , and ΔH f(C4ÀO) = À183.12 kcal mol
À1
. In accordance with our mechanistic scheme, we claim that observed differences in reactivity are simply due to the fact that 2-amino-5-methylpyridine (E i = 8.65 eV), 2,4-dichloroaniline (E i = 8.59 eV), and 2-methyl-3-nitroaniline (E i = 8.68 eV) are more oxidizable; i.e., they have lower energy of ionization than 2-amino-6-methylpyridine (E i = 8.76 eV), 2,3-dichloroaniline (E i = 9.11 eV), and 2-methyl-4-nitroaniline (E i = 8.83 eV), respectively, as determined by AM1/COSMO method. The rate of reaction of 2,4-and 2,6-disubstituted anilines (e.g., 2,4-and 2,6-dimethylaniline) with S 2 O 8 2À is nearly the same for both isomers 8 because of their nearly the same oxidizability, i.e., ionization potential. Generated arylnitrenium cations are highly reactive electrophilic species. The positive charge distribution on the aniline nitrenium cation, represented by its resonance hybrid (8, Scheme 5), indicates that N, C2(6), and C4 are the main aniline/ substituted aniline nitrenium cation reactive centers. The primary targets for electrophilic attack of nitrenium cations are sulfate anions (Scheme 5), simultaneously formed within the same solvent cage. We propose that this is a major reaction route to aminoaryl sulfates. The reaction of arylnitrenium cation with SO 4 2À represents a regioselectivity-determining step in the BoylandÀSims oxidation. The regioselectivity of the coupling reactions of nitrenium cations of aniline and ring-substituted primary and secondary anilines with SO 4
2À
, according to the Hammond postulate, 32 is governed by the stability of intermediates (Table 3 , Scheme 6, Figure 1 ) resembling structurally the corresponding transition states. Our computational results are found to be consistent with all available experimental evidence.
1À9 It is proved by both AM1/COSMO and RM1/ COSMO methods ( in the case of meta-substituted anilines such as 3-methylaniline and 3-chloroaniline, which have unsymmetrical ortho positions, corresponding C6ÀOÀSO 3 À coupled aminoaryl sulfates are computationally proved to be major products (Table 3) . If both ortho positions are blocked by substituents, e.g., 2,6-dimethylaniline, calculations confirmed known experimental finding that para substitution rather than N substitution takes place (Table 3) .
Both AM1/COSMO and RM1/COSMO computations show that reactions between arylnitrenium cations and sulfate anions, leading to the formation of the most stable intermediates (C4ÀOÀSO 3 À coupled intermediate in the case of 2,6-dimethylaniline and C2(6)ÀOÀSO 3 À coupled intermediates in all other cases) are generally exothermic processes ( Table 4 ). The subsequent rearrangement of formed intermediates to final aminoaryl sulfates is also generally exothermic (Table 4) . Based on these thermodynamic data, a general reaction diagram of the BoylandÀ Sims oxidation of primary and secondary arylamines can be drawn (Figure 2) .
It is important to note that, in accordance with experimental results, 8 the formation of a substantial amount of para-substituted products besides the ortho-substituted products is computationally confirmed, especially in the case of anthranilic acid oxidation 3 (Table 3 ). Taking into account the differences in the heats of formation (ΔH f,C4ÀOÀSO 3 À À ΔH f,C2(6)ÀOÀSO 3 À, Table 3 ) of C4ÀOÀSO 3 À and C2(6)ÀOÀSO 3 À coupled intermediates, and assuming that these values correspond well to the differences in energy of C4ÀOÀSO 3 À and C2(6)ÀOÀSO 3 À transition states (E a,C4ÀOÀSO 3 À À E a,C2(6)ÀOÀSO 3 À), the ratio of rate constants k C2(6)ÀOÀSO 3 The Journal of Physical Chemistry A ARTICLE calculated (Table 5) , since A C2(6)ÀOÀSO 3 À ≈ A C4ÀOÀSO 3 À, as follows:
In the case of aniline (k C2(6)ÀOÀSO 3 À/k C4ÀOÀSO 3 À = 3.93), since there are two ortho positions to one para position, it can be calculated that ∼88.7% o-aminophenyl sulfate and ∼11.3% paminophenyl sulfate are predicted to be formed.
In accordance with experimental observations on the low stability of phenylhydroxylamine-O-sulfonate 33 and other arylhydroxylamine-O-sulfonates, 34 all our computations (Table 3) indicate that arylhydroxylamine-O-sulfonate intermediates (29, Figure 1 ) formed by NÀOÀSO 3 À couplings are quite unstable, i.e., are much more unstable than both C2-(6)ÀOÀSO 3 À and C4ÀOÀSO 3 À coupled intermediates. It follows that arylhydroxylamine-O-sulfonate intermediates are formed in negligible quantities during the BoylandÀSims oxidation. We propose that the low thermodynamic stability of arylhydroxylamine-O-sulfonates, as determined by our computations, is the reason for their well-known facile transformation to the corresponding o-aminoaryl sulfates, 33, 34 most probably by a rapid heterolytic dissociation to arylnitrenium cations and SO 4 2À , followed by formation of the lower energy intermediates (30, Figure 1 ) which then yield oaminoaryl sulfates. We suppose that high polar solvents, such as water, promote heterolytic dissociation of arylhydroxylamine-O-sulfonates to arylnitrenium cations and SO 4 2À , similarly to what was experimentally evidenced in the case of 4-PhC 6 H 4 NHOCOtBu 10 and protonated arylhydroxylamines, e.g., PhNHOH 2 þ . 10 It follows that experimentally evidenced 8, 33, 34 rapid transformation of arylhydroxylamine-O-sulfonates to the oaminoaryl sulfates in aqueous solution do not represent crucial proof of their intermediacy in BoylandÀSims oxidation, as proposed by Behrman, 6a,8 but only represent unequivocal experimental proof of rather low thermodynamic stability of arylhydroxylamine-O-sulfonates, computationally confirmed in the present study.
The reactions of arylnitrenium cations with S 2 O 8 2À in the bulk of an aqueous solution, followed by the reductive decomposition of formed aminoaryl peroxydisulfates, can also lead to aminoaryl sulfates (4 f 7, Scheme 5). C2(6)ÀOÀS 2 O 7 À coupled intermediates were proved to be prevalent in the reactions of nitrenium cations of aniline and ring-substituted primary and secondary anilines with S 2 O 8 2À (Table 6 ). (Figure 1 ), where C ring represents C2(6) and/or C4, with the exception of NÀO coupled intermediate of aminoaryl sulfate. The unusual C ring ÀH 3 3 3 O sulfate/peroxydisulfate hydrogen bonding in the intermediate is due to the high polarization of a corresponding C ring ÀH bond, i.e., high acidity of a hydrogen atom which is bonded to the C2(6) atom and/or C4 atom attacked by the sulfate/peroxydisulfate anion.
Overall yields of aminoaryl sulfates are significantly lower than those of hydroxyaryl sulfates in the Elbs oxidation, especially in the case of primary and secondary arylamines (5À30%), due to the competitive oxidative polymerizations of arylamines which lead to the formation of insoluble, brown, amorphous materials.
1À9
Although these precipitates were described in many papers as humic acid-like polymers, synthetic organic chemists paid no attention to their structural characterization since these precipitates were considered as an unwilling byproduct of aminoaryl sulfates in the BoylandÀSims oxidation. 1À9 On the other side, scientists working in the field of conducting polymers became interested in the elucidation of the molecular structure of these oligoarylamines, e.g., oligoaniline, 35À39 because recent studies have revealed the crucial template function of in situ formed oligoanilines in the synthesis of polyaniline nanotubes, nanorods, and nanosheets, by the oxidative polymerization of aniline with ammonium peroxydisulfate under decreasing pH conditions (start in alkaline/slightly acidic solutions and finish at pH <2.0). 35,40À42 We propose that the reaction between arylamine and its nitrenium cation 11À15 (8 f 9 f 12, Scheme 5) represents a general dimerization route in the oxidative oligomerization of primary and secondary arylamines with S 2 O 8 2À , whenever the formation of iminoquinonoid compound by the two-electron oxidation of arylamine is not possible. The regioselectivity of the coupling reactions of aniline and ring-substituted primary and secondary anilines with their nitrenium cations in an , excepting 3-methylaniline and N-phenylaniline, which give NÀC6 and C4ÀC4 coupled dimers, respectively. Arylamines substituted in para position are found to be NÀC2(6) coupled (Table 7) . It is interesting to note that the experimentally proved formation of arylamine dimers, e.g. 11À15,27,43À46
Arylamine dimers (12, Scheme 5) are further oxidized with S 2 O 8 2À to corresponding iminoquinonoid compounds.
11À15
The growth of oligoarylamine chain includes both the redox reactions of arylamines/oligoarylamines with oligomeric iminoquinonoid compounds, and electrophilic aromatic substitution reactions of arylamines/oligoarylamines with nitrenium cations of arylamines and fully oxidized oligoarylamines which have odd numbers of arylamine units. 11À15 The known experimental finding that there is a free-radical involvement in the formation of oligoarylamine precipitates during the BoylandÀSims oxidation, as judged by the inhibitory effects of allyl acetate and allyl alcohol, 6a is in excellent agreement with the recent quantum chemical finding that oxidations of arylamines with iminoquinonoid compounds include the formation of arylamine/oligoarylamine radical intermediate species. 11, 13, 14 The aminoaryl sulfates can be covalently incorporated into the oligoarylamine chains. The significant covalent inclusion of sulfur in oligoanilines precipitated during the early stages of the oxidative polymerization of aniline with S 2 O 8 2À in water without added acid, which started in neutral/slightly alkaline reaction conditions and finished at pH <2, has been experimentally revealed by Trchov a et al. 35 Manohar's group also proved the presence of residual sulfur in oligoaniline precipitates, obtained by the oxidation of aniline with S 2 O 8 2À in buffered aqueous solutions in the pH range 2.5À10. 39 The highest sulfur content in precipitated oligoanilines was determined at pH 4.5, while significantly decreased sulfur content was evidenced at pH 10. It was hypothesized that residual sulfur could originate from incomplete hydrolysis of aminoaryl sulfates formed as result of a BoylandÀSims type reaction. 39 The oxidative co-oligomerizations of arylamines with aminophenols, formed by hydrolysis of aminoaryl sulfates as well as by the reaction of arylnitrenium cations with both the OH À in highly alkaline solution (11f14, Scheme 5, Table 8 ) and water molecules in highly diluted aqueous solutions (10 f 13, Scheme 5, Table 9 ), are also possible side oligomerization processes. It is computationally revealed that o-aminophenols are prevalent products of the reactions of arylnitrenium cations with OH À (Table 8) , with the exception of 2,6-dimethylaniline and N-methylaniline which prevalently give corresponding p-aminophenols. This reaction could be the main reason for the marked decrease of yield of aminoaryl sulfates with the increase of pH. 7 The deprotonation of arylnitrenium cations to corresponding nitrenes (Scheme 2) under highly alkaline conditions, followed by the ring expansion to a 1,2-didehydroazepine, 10 can also cause the decrease of yield of aminoaryl sulfates. In accordance with experimental findings, 10 p-aminophenols are found to be prevalently formed in the reactions of arylnitrenium cations with H 2 O (Table 9) , with the exception of 3-methylaniline, 2-nitroaniline, and parasubstituted anilines which prevalently give corresponding oaminophenols. Fully oxidized branched oligoarylamines, containing substituted phenazine and iminoquinonoid units, are proposed to be major component of insoluble precipitates. 11,13,35,37,40À42 The presence of iminoquinone/phenoxazine segments in oligoarylamines, as a consequence of the incorporation of aminophenols, could be significant in highly alkaline and/or highly diluted aqueous solutions. The covalent inclusion of oxygen as well as the presence of iminoquinone segments in oligoanilines obtained by the oxidation of aniline with S 2 O 8 2À at pH g2.5 was experimentally evidenced in several studies. 38, 39, 47 Our computational predictions of the key role of arylnitrenium cations in the formation of corresponding o-aminoaryl sulfates by the BoylandÀSims oxidation of primary and secondary arylamines raise the question of how tertiary arylamines, which can not form arylnitrenium cations, readily undergo BoylandÀSims oxidation. Tertiary arylamines, similarly to primary and secondary arylamines, were proved to be easily oxidized by the mild single-electron oxidants which cannot donate oxygen ([Fe(CN) 6 ] 3À , þ0.36 V vs NHE 25 ), 48 leading thus to the undisputable formation of corresponding cation radicals by single-electron transfer. It has also been unambiguously shown that tertiary arylamines, such as N,N-dimethylaniline (DMA), readily undergo sequential single-electron and twoelectron transfer reactions during the anodic oxidation, 49 leading to the formation of corresponding cation radicals and dications, respectively. The acidÀbase properties of the dications of tertiary arylamines have never been studied; i.e., the pK a values of the dications of tertiary arylamines were not determined. However, the formation of immonium cations of tertiary arylamines (deprotonated forms of dications of tertiary arylamines) in alkaline solutions was proposed in several studies. 50 In the present study we provide semiempirical quantum chemical evidence that the BoylandÀSims oxidation of DMA 1, 8 2À (reaction 10), can be easily oxidized further with generated SO 4 •À (E SOMO = À12.55 eV, E LUMO = þ1.24 eV, RM1/COSMO) (reaction 11); i.e., |E SOMO 
' CONCLUSIONS
In summary, a revised mechanism of the BoylandÀSims oxidation of arylamines, based on the unique role of arylnitrenium cations in the case of primary and secondary arylamines, and arylamine dications and/or immonium cations in the case of tertiary arylamines, comprehensively explained the formation of soluble aminoaryl sulfates and insoluble oligoarylamines more consistently with experimental evidence than previous mechanistic schemes. It was revealed that the two-electron transfer between arylamine and peroxydisulfate, accompanied by deprotonation, leading to the formation of arylnitrenium cations/ arylamine dications/immonium cations and sulfate anions, represents a rate-determining step, while the subsequent reaction between arylnitrenium cations/arylamine dications/immonium cations and sulfate anions represents a regioselectivity-determining step. In accordance with Boyland's and Sims's experimental findings, the reactions of arylnitrenium cations and arylamine dications/immonium cations with sulfate anions, formed by the oxidation of arylamines with peroxydisulfate, are proved by both the AM1 and RM1 semiempirical quantum chemical methods to lead to the prevalent formation of o-aminoaryl sulfates. C6À OÀSO 3 À rather than C2ÀOÀSO 3 À coupled aminoaryl sulfates are computationally confirmed to be major products in the case of meta-substituted anilines which have unsymmetrical ortho positions. If both ortho positions are blocked by substituents, calculations confirmed known experimental findings that para substitution occurs. The reactions between arylnitrenium cations and peroxydisulfate in an aqueous solution were found to have regioselectivities quite similar to those of the reactions between arylnitrenium cations and sulfate; i.e., they lead to the prevalent formation of o-aminoaryl peroxydisulfates, which undergo rapid reduction to the corresponding o-aminoaryl sulfates. The formation of insoluble precipitates during the BoylandÀSims oxidation of arylamines is due to the oxidative oligomerization of arylamines, in which the dimerization phase is the reaction of arylamine with its reactive species generated by two-electron transfer. The oxidative co-oligomerizations of arylamines with aminoaryl sulfates and aminophenols, formed by the reaction of arylnitrenium cations/arylamine dications/immonium cations with both hydroxide anions in highly alkaline solution and water molecules in highly diluted aqueous solutions, are proposed to be side reactions. Fully oxidized branched oligoarylamines, containing mainly substituted phenazine and iminoquinonoid units, with the presence of iminoquinone/phenoxazine segments, are proposed to constitute insoluble precipitates. 
